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Abstract Spliceosomal small nuclear ribonucleoprotein
particles (snRNPs) are essential pre-mRNA splicing factors
that consist of small nuclear RNAs (snRNAs) complexed
with specific sets of proteins. A considerable body of
evidence has established that snRNP assembly is accom-
plished after snRNA synthesis in the nucleus through a
series of steps involving cytoplasmic and nuclear phases.
Recent work indicates that snRNPs transiently localize to
the Cajal body (CB), a nonmembrane-bound inclusion
present in the nuclei of most cells, for the final steps in
snRNP maturation, including snRNA base modification,
U4/U6 snRNA annealing, and snRNA-protein assembly.
Here, we review these findings that suggest a crucial role
for CBs in the spliceosome cycle in which production of
new snRNPs—and perhaps regenerated snRNPs after
splicing— is promoted by the concentration of substrates in
this previously mysterious subnuclear organelle. These
insights allow us to speculate on the role of nuclear bodies
in regulating the dynamics of RNP assembly to maintain a
functional pool of factors available for key steps in gene
expression.
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Introduction

Pre-mRNA splicing is accomplished by the spliceosome, a
macromolecular machine composed of hundreds of pro-
teins and five small nuclear RNAs (snRNAs), which
resembles the ribosome in size and complexity (Jurica and
Moore 2003). In contrast to the ribosome, the spliceosome
is assembled from preformed snRNA-containing particles
[small nuclear ribonucleoprotein particles (snRNPs)] and a
host of non-snRNP proteins. Spliceosomal snRNPs consist
of one or two snRNAs for which each is named, along with
several associated proteins. SNRNP assembly is a compli-
cated process that begins in the nucleus, continues in the
cytoplasm, and finishes again in the nucleus. Our task in
this review is to overlay what is known from in vitro
studies about the multiple steps in snRNP assembly
pathways with the three-dimensional space of the cell
nucleus. We will summarize recent progress in the field that
indicates that Cajal bodies (CBs), subnuclear structures in
which snRNPs are concentrated (Fig. 1), are the sites of
particular steps in spliceosomal snRNP assembly.

CBs are nonmembrane-bound nuclear bodies, 0.5—
1.0 um in diameter, present within the nuclei of most
cells (Gall 2000). They were first observed by the Spanish
neurobiologist Ramon y Cajal who named them accessory
bodies (Cajal 1903). The bodies were then forgotten and
rediscovered by electron microscopists and, according to
their appearance in the electron microscope, called coiled
bodies (Monneron and Bernhard 1969). Interest in Cajal
bodies rose when a marker protein, coilin, was identified
and cloned (Andrade et al. 1991; Raska et al. 1991; Tuma
et al. 1993), enabling researchers to identify many addi-
tional molecular constituents of CBs and fueling specula-
tion as to the function of this mysterious nuclear body
(Matera 1999). In recognition of Cajal’s discovery and to
unify nomenclature, the bodies were renamed after Cajal
(Gall 2000).

Cajal bodies are dynamic structures within the nucleus
(reviewed in Carmo-Fonseca et al. 2002; Cioce and
Lamond 2005). They move, split, and rejoin in the nucleo-
plasm and their size and number depends on cell metabolic
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Fig. 1 Localization of snRNPs, SART3, and SMN in HeLa-KN cell
nucleus. a SART3 and snRNPs are distributed throughout the
nucleoplasm and they colocalize in Cajal bodies (arrowhead).
b SART3 accumulates in Cajal bodies and not in gems. SART3
concentrates in CBs while SMN is localized in the cytoplasm
and in the cell nucleus concentrated in gems (arrows). HeLa-
KN is a variant HelLa cell line with low methyltransferase
activity; this correlates with coilin hypomethylation and
separation of gems and CBs (Hebert et al. 2002). SnRNPs
were visualized using the Y12 antibody recognizing Sm
proteins, SART3 using polyclonal antibodies, and SMN using
the monoclonal antibody 2B1. Bar 5 um

activity and the cell cycle (Andrade et al. 1993; Boudonck
et al. 1998, 1999; Carmo-Fonseca et al. 1993; Carvalho et
al. 1999; Platani et al. 2002, 2000). Like other nuclear
structures, CBs exchange their molecular contents with
surrounding nucleoplasm and exchange rates vary greatly
among different proteins; even coilin exchanges complete-
ly with the nucleoplasmic pool within minutes (Dundr
et al. 2004; Handwerger et al. 2003; Sleeman et al. 2003).
These features suggest that molecular functions residing
within CBs are in equilibrium with surrounding nucleo-
plasm. It is currently thought that factors traffic to CBs
where they function in metabolism of different classes
of RNP particles (e.g., spliceosomal snRNPs, small
nucleolar RNPs, telomerase, and U7 snRNP) and in
histone mRNA 3’-end processing (reviewed in Carmo-
Fonseca 2002; Cioce and Lamond 2005; Gall 2000; Jady
et al. 2005; Kiss et al. 2002; Kiss 2004; Ogg and Lamond
2002; Schumperli and Pillai 2004). Here, we focus on
recent insights into the specific steps in spliceosomal
snRNP assembly that take place in CBs and consider that
similar principles may apply to other proposed CB
functions.

The “life cycle” of the snRNAs is schematized in Fig. 2.
With the exception of U6 snRNA transcribed by RNA
polymerase I11, all spliceosomal snRNAs (U1, U2, U4, and
U5) are transcribed by RNA polymerase II and receive a
7-methyl-guanosine cap at their 5’ end cotransciptionally.
Primary processing at the 3'-end likely occurs at the site of
transcription because 3'-end processing is regulated by
snRNA-specific promoters and phosphorylation of the C-
terminal domain (CTD) of the RNA polymerase II (Jacobs
et al. 2004; Medlin et al. 2003; Uguen and Murphy 2003).
Recently, a new complex named the Integrator was shown
to bind the CTD and to be necessary for Ul and U2 pre-
snRNA cleavage at the 3'-end (Baillat et al. 2005). Because
pre-snRNAs themselves and snRNA transcription factors

are detectable in CBs, it was suggested that CBs function in
pre-snRNA processing and/or transcriptional regulation of
snRNA genes (Matera 1998; Schul et al. 1998; Smith and
Lawrence 2000). Moreover, a significant proportion of
CBs lie adjacent to snRNA genes and transcriptional
activity of the U1 and U2 genes and snRNA coding region
are required for CB association (Frey et al. 1999; Frey and
Matera 2001; Jacobs et al. 1999; Platani et al. 2002; Smith
et al. 1995).

Newly synthesized snRNAs are exported to the cyto-
plasm due to their interaction with PHAX and the cap-
binding complex (Ohno et al. 2000; Segref et al. 2001). The
observation that PHAX is concentrated in CBs (Massenet
et al. 2002) is consistent with the possibility that newly
transcribed snRNAs are loaded cotranscriptionally with
PHAX in CBs. Alternatively (or in addition), PHAX may
be present in CBs due to its distinct role in small nucleolar
RNA (snoRNA) trafficking to the CB (Boulon et al. 2004;
Watkins et al. 2004). In the cytoplasm, a core snRNP is
formed by the ATP-dependent assembly of a ring of seven
Sm proteins on each snRNA. The survival motor neuron
(SMN) complex plays a crucial role in the fidelity of this
process (reviewed in Meister et al. 2002; Paushkin et al.
2002; Terns and Terns 2001). Assembly of the Sm ring is
followed by cytoplasmic hypermethylation of the 5’ cap
yielding 2,2,7-tri-methyl-guanosine. The tri-methyl cap,
together with the Sm ring, serves as a nuclear import signal.
The SMN complex, which stays associated with snRNPs
throughout the whole cytoplasmic phase (Massenet et al.
2002), interacts with snurportinl and facilitates nuclear
import of snRNPs (Narayanan et al. 2002, 2004). It is
interesting to note that a fraction of SMN complex
components is nuclear. In most cell lines, nuclear SMN
localizes to CBs and CB localization is regulated by
methylation of coilin (Hebert et al. 2002). In cell lines with
low methyltransferase activity, SMN concentrates in CB-
related structures called gems (Fig. 1 shows gems in HeLa-
KN strain with low methyltransferase activity; see Hebert
et al. 2002 for details). The nuclear localization of the SMN
complex suggests that SMN plays a role in snRNP
targeting to CBs (see below) and/or is simply deposited
in CBs after import. Nuclear SMN may also play additional
roles, as yet undefined, in Sm or Like-Sm (LSm) ring
assembly and/or pre-mRNA splicing (Friesen et al. 2001;
Pellizzoni et al. 1998). Recently, the unrip and ZPR1
proteins were identified as new members of the SMN
complex that influence SMN distribution between the
cytoplasm and the nucleus (Carissimi et al. 2005; Grimmler
et al. 2005) and its localization to CBs (Gangwani et al.
2005).

Once back in the cell nucleus, snRNAs are modified by
2'-O-ribose methylation and pseudouridylation (Jady et al.
2003; Kiss 2004). It is also believed that most snRNP-
specific proteins are added to the core snRNPs in the cell
nucleus (see below). The snRNPs imported from the
cytoplasm first appear in CBs, suggesting that final matu-
ration steps occur in CBs before new snRNPs can participate
in pre-mRNA splicing, which takes place cotranscriptionally
throughout the nucleoplasm (Neugebauer 2002; Sleeman et
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Fig. 2 Biogenesis of the spliceosomal snRNPs. U1, U2, U4, and US
snRNAs are transcribed in the cell nucleus by RNA polymerase II,
which regulates their processing as well. They are then exported to
the cytoplasm where the Sm ring (blue balls) is assembled and
hypermethylation of the 5’ end occurs. The Sm ring and the tri-
methyl cap (green ball) act as signals for nuclear reimport. Back in
the nucleus, U snRNAs first visit Cajal bodies (CB, beige
compartment) where specific nucleotides are modified by base
methylation and pseudouridylation and where assembly of the U2,
U4/U6, and U4/U6°U5 snRNPs occurs. The U6 snRNA is

al. 2001; Sleeman and Lamond 1999). Indeed, Cajal body-
specific RNAs (scaRNAs) that guide snRNA modifications
are localized in CBs and snRNA targeting to CBs is
necessary for proper posttranscriptional nucleotide modifi-
cation (Darzacq et al. 2002; Jady et al. 2003; Kiss et al. 2002;
Kiss 2004). ScaRNAs containing the H/ACA motif are
targeted to CBs via special Cajal body-specific localization
signal, the Cajal body box (CAB box), which resides in the
H/ACA motif (Richard et al. 2003). The mechanism of CAB
box targeting to CBs is currently unknown.

Ul snRNP

Besides the Ul snRNA and common Sm proteins, the
human Ul snRNP contains three specific proteins:
U1-70K, Ul-A, and U1-C (Table 1). The two largest
Ul-specific proteins, U1-70K and Ul-A, bind directly
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transcribed by RNA polymerase III, receives a y monomethyl cap
and is thought to remain in the nucleus. The U6 snRNA is base
modified in the nucleolus (No, yellow compartment) and then
targeted to Cajal bodies where it is incorporated into U4/U6 and U4/
U6°U5 snRNPs. Assembly of the LSm ring (vellow balls) on U6 is
likely nucleoplasmic. Assembled U4/U6°U5 snRNPs leave the Cajal
body and function in splicing in the nucleoplasm; individual
snRNPs disassembled by the splicing process potentially return to
Cajal bodies for regeneration of active complexes

to the Ul snRNA while the Ul-C protein is attached
through protein—protein interactions with U1-70K and
Sm proteins (Nelissen et al. 1994). Ul-A and Ul-C
are imported to the nucleus independently of the Ul
snRNA (Jantsch and Gall 1992; Kambach and Mattaj
1992), indicating that Ul snRNP assembly occurs in
the nucleus (Feeney and Zieve 1990). The role of CBs
in this process is not clear. In contrast to other
snRNAs, the Ul snRNA is not abundant in CBs
(Carmo-Fonseca et al. 1992; Matera and Ward 1993)
and so far, only one Ul-specific protein, the Ul-C
protein, was detected in CBs (Hoet et al. 1998).

U2 snRNP

The active 17S U2 snRNP comprises the U2 snRNAs, the
core Sm proteins, two U2-specific proteins U2A" and U2B",



Table 1 Spliceosomal snRNP proteins

Ul snRNP
Sm proteins (B/B’, D1-3, E, F, G)
U1-70K
Ul-A
Ul-C
U2 snRNP
Sm proteins (B/B’, D1-3, E, F, G)
U2-A’
U2-B”
SF3a complex
SF3a120
SF3a66
SF3a60
SF3b complex
SF3b155
SF3b145
SF3b130
SF3b125%
SF3b49
SF3b14b
SF3b10
pl4
178 associated proteins
SPF30
hPrp5
SR140
CHERP
hPrp43
Hsp75
PUF60
U2AF35
U2AF65
Hsp60
SPF45
BRAF35
SPF31
SF2/AS
20S US snRNP
Sm proteins (B/B’, D1-3, E, F, G)
hDib/15K
U5-40K
hPrp28/100K
hPrp6/102K
hSnul14/116K
hBrr2/200K
hPrp8/220K
52K/CD2BP2°
U4/U6 snRNP
Sm proteins (B/B’, D1-3, E, F, G)
LSm proteins (2-8)
hPrp24/SART3/p110°
hSnu13/15.5K/NHPX
hPrp31/61K
hPrp3/90K
hPrp4/60K
USA-Cyp/20K

Table 1 (continued)

U4/U6°US snRNP specific
27K
hSad1/65K
hSnu66/SART1/110K

*Not present in the 17S U2 snRNP
*Not present in the U4/U6°US tri-snRNP

and many other associated proteins (see Table 1 and Will et
al. 2002). In vitro formation of the mature 17S U2 snRNP
proceeds in a stepwise manner. First, the 12S U2 snRNP,
which consists of the U2 snRNA, Sm proteins, U2B", and
U2A’ interacts with the SF3b complex and forms an
intermediate 15S particle. The 17S particle is then formed
by association of the 15S particle with the complex SF3a
(Brosi et al. 1993; Kramer et al. 1999). In Saccharomyces
cerevisiae, Cus2p promotes assembly of the 17S U2 snRNP
and the human homologue Tat-SF1 was suggested to
function in a similar manner (Yan et al. 1998).

Several lines of evidence indicate that assembly of the
12S and 17S particles occurs in the cell nucleus after
reimport of the newly assembled core U2 snRNP from the
cytoplasm. First, U2A’ and U2B"” are imported to the
nucleus independently of the U2 snRNA (Kambach and
Mattaj 1994). Second, in Xenopus laevis oocyte, U2
snRNA modifications, which occur in the nucleus after
reimport from the cytoplasm, are required for assembly of
the 17S U2 snRNP (Yu et al. 1998; Zhao and Yu 2004).
Because U2 snRNA modifications occur in CBs and the U2
snRNA, U2A’ and U2B” are located to CBs as well, the
assembly of the 12S particle likely takes place in this
nuclear structure. Recently, CBs were directly implicated in
further steps of U2 snRNP assembly (Nesic et al. 2004).
Mutant forms of SF3a60 and SF3a66, which are unable to
incorporate into the 17S U2 snRNP, accumulate in CBs
(Nesic and Kramer 2001; Nesic et al. 2004). SF3b125,
which was found in isolated SF3b complexes but lacking in
mature 17S U2 snRNPs, was implicated in 17S maturation
and detected in CBs as well (Will et al. 2002). However,
wild-type SF3a proteins and several other proteins found in
the 178 particle were not detected in CBs. It is possible that
formation of both 12S and 17S U2 snRNPs take place in
CBs; rapid release of the mature 178 particle from the CB
may explain why 17S-specific proteins escape detection.

U5 snRNP

The U5 snRNA is detectable in three distinct complexes
within nuclear extracts: the 20S U5 snRNP, the 25S U4/
U6°U5 tri-snRNP, and the 35S U5 snRNP (Makarov et al.
2002). The 35S snRNP likely represents a post-spliceo-
somal form of the U5 snRNP with proteins of the Prp19
complex (Makarov et al. 2002). The abundant 20S com-
plex is believed to interact with the U4/U6 snRNP to yield
the U4/U6U5 tri-snRNP, which is competent for splice-
osome assembly. The 20S U5 snRNP contains, in addition



to a set of Sm proteins, at least eight additional proteins
(see Table 1) (Behrens and Luhrmann 1991; Laggerbauer
et al. 2005) but nothing is known about its formation.

U4/U6 snRNP

The composition of the U4 snRNP remains elusive because
it has been impossible to biochemically isolate the mono-
U4 snRNP. However, protein components of the U4/U6
snRNP in which the U4 and U6 snRNAs are annealed by
base pairing are known (see Table 1). Binding of the
15.5 kD protein to the U4 snRNA (Watkins et al. 2000) is
necessary for recruitment of hPrp31 to the U4 snRNA
(Nottrott et al. 2002). In contrast, the hPrp3/hPrp4/USA-
CyP complex binds U4/U6 RNA duplex (Nottrott et al.
2002), indicating that this complex associates after U4/U6
snRNA annealing. The hPrp3/hPrp4/USA-CyP complex
can form even in the absence of RNA (Horowitz et al.
1997; Teigelkamp et al. 1998) and it is currently unclear
whether it stays associated with the U4 snRNP after
splicing.

The U6 snRNA differs from the rest of the snRNAs in
many ways. It is the only spliceosomal snRNA transcribed
by RNA polymerase IlII; as a result, it does not receive a
7-methyl guanosine cap but rather undergoes methylation
of the guanosine gamma phosphate at the 5’-end (Singh
and Reddy 1989). Newly synthesized U6 snRNA does
not leave the cell nucleus during its maturation but is
bound at its 3'-end by the La protein, which stabilizes the
new transcript. U6 snRNA base modifications are guided
by snoRNPs, which reside in the nucleolus (Ganot et al.
1999; Tycowski et al. 1998). Consistent with this finding,
the U6 snRNA transiently localizes in the nucleolus of
Xenopus oocyte (Gerbi et al. 2003; Lange and Gerbi
2000). The La protein is replaced by seven LSm proteins
(2-8), which form a similar ring as Sm proteins and
promote annealing of U4/U6 in vitro (Achsel et al. 1999).
The LSm proteins can be transported to the nucleus as a
preformed complex, which further supports the nuclear
model of U6 snRNP maturation (Zaric et al. 2005); it is
currently unknown whether SMN plays a role in LSm
ring assembly on U6, but the fact that SMN binds at least
a subset of LSm proteins suggests that it may (Friesen et
al. 2001). So far, the only other U6-specific protein
identified is SART3 (also named hPrp24 or p110), which
is required for assembly of U4/U6 snRNPs in vitro (Bell
et al. 2002; Rader and Guthrie 2002). SART3 contains
two RNA-recognition motifs that bind directly to the U6
snRNA (Bell et al. 2002; Medenbach et al. 2004). In
addition, SART3 interacts via its C terminal domain with
LSm proteins and through its N-terminal HAT domain
with the U4/U6-specific protein hPrp3 (Medenbach et al.
2004; Rader and Guthrie 2002). These complex interac-
tions suggest that SART3 may provide the scaffolding for
U4/U6 snRNP formation. Moreover, SART3 must leave
U4/U6 snRNPs as the tri-snRNP is being formed (see

Fig. 3) because it is not detected in the U4/U6°U5 tri-
snRNP or the spliceosome (Bell et al. 2002).

Where is the U4/U6 snRNP formed? Three lines of
evidence support the conclusion that U4/U6 snRNP
assembly occurs in CBs (see Figs. 1 and 3). First,
SARTS3, U4 and U6 snRNAs, and U6- and U4/U6-specific
proteins are enriched in CBs (Carmo-Fonseca et al. 1992;
Makarova et al. 2002; Matera and Ward 1993; Schaffert et
al. 2004; Stanek and Neugebauer 2004; Stanek et al. 2003).
It is important to note that U4 and U6 mono-snRNPs are
targeted independently to CBs (Stanek and Neugebauer
2004; Stanek et al. 2003), indicating that the mono-snRNP
components and not the preformed U4/U6 snRNP traffic to
CBs. Second, by fluorescence resonance energy transfer
(FRET) analysis, transient intermediates containing
SART3 and U4/U6-specific proteins hPrp31, hPrp3, and
hPrp4 are highly enriched in CBs (Stanek and Neugebauer
2004). The transition to the U4/U6 snRNP in the CB is
likely accompanied by a rapid conformational change
because FRET studies revealed that SART3 interacts with
LSm proteins (indicative of the U6 snRNP) in the
nucleoplasm but not in CBs (Stanek and Neugebauer
2004). Third, inhibition of the next step in the assembly
pathway, formation of the U4/U6°U5 tri-snRNP, leads to
accumulation of the U4/U6 snRNP in CBs (Schaffert et al.
2004; see below).

U4/U6+U5 tri-snRNP

Tri-snRNP formation follows U4/U6 snRNP assembly by
addition of the 20S U5 snRNP through protein—protein
interactions. Two proteins, U5-specific hPrp6 and the U4/
U6 snRNP-specific hPrp31, interact with each other and
are necessary for tri-snRNP formation (Makarova et al.
2002; Schaffert et al. 2004). Knockdown of either of these
proteins by small-interfering RNA in tissue culture cells
leads to depletion of the tri-snRNP in cells (Schaffert et al.
2004). Recently, the U5-52K protein was identified as a
specific component of the 20S U5 snRNP; the 52K protein
directly interacts with hPrp6 but is not present in the tri-
snRNP, suggesting that it is involved in tri-snRNP
formation (Laggerbauer et al. 2005).

Inhibition of tri-snRNP formation by knockdown of
hPrp6 or hPrp31 leads to accumulation of the U4/U6
snRNPs in CBs, while levels of the U5 snRNA and US5-
specific proteins remain unchanged (Schaffert et al. 2004).
The simplest explanation for these data is that U4 and U6
snRNAs are annealed in CBs (see above) and the resulting
U4/U6 snRNP is retained there until the U5 snRNP joins;
only when the mature tri-snRNP is formed is it released
from the CB (see Fig. 3). Consistent with this, SART3
residence time in CBs is shorter than Sm proteins (Dundr et
al. 2004) and 20S-specific U5-52K does not accumulate in
CBs (Laggerbauer et al. 2005). Taken together, the evi-
dence suggests that tri-snRNP assembly in CBs is rela-
tively fast and raises the possibility that snRNP assembly in
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snRNP assembly in Cajal bodies including a speculative model for
how the individual snRNPs might interact with coilin during the
assembly process. Coilin is drawn as a dimer oriented with N
termini aligned, based on in vitro binding assays and in situ FRET
measurements (Hebert and Matera 2000; Stanek and Neugebauer
2004). The U6 snRNP is targeted to the CB by SART3, which
interacts via its HAT domain with a hypothetical binding partner X.
The U4 and U5 snRNPs are shown entering the CB with SMN,
which interacts with the RG box near the Sm binding site at the C
terminus of coilin (Frey and Matera 1995; Xu et al. 2005). Upon Sm
and SMN binding to coilin, the U4 and U5 snRNPs are “handed off™
to coilin as suggested by Tucker and Matera (2005). In step A, U4
and U6 snRNAs are annealed by SART3 and LSm proteins; a

nucleoplasm

Coilin dimer

conformational change is shown in which SART3 moves away from
U6’s LSm ring and interacts instead with U4/U6 proteins (Stanek
and Neugebauer 2004). In the same step, the hPrp3/hPrp4/USA-CyP
complex is recruited to the U4/U6 duplex (Nottrott et al. 2002) and
the U4/U6 snRNP is complete. In step B, the US snRNP bound to a
nearby coilin molecule joins the U4/U6 snRNP through protein—
protein interactions (Makarova et al. 2002; Schaffert et al. 2004). At
the same time, SARTS3 is lost from the complex and leaves the CB,
accounting for its short residence time in CBs (Dundr et al. 2004).
The mature U4/U6°US tri-snRNP is released from the CB and into
the nucleoplasm where splicing occurs. SMN exchanges with
nucleoplasm, permitting new snRNPs to bind coilin for subsequent
rounds of assembly



CBs occurs more rapidly than it does in the nucleoplasm
(see below). Unfortunately, the dynamics of further specific
snRNP proteins as they traffic to and from CBs is yet been
examined.

SnRNP regeneration after splicing

During splicing, snRNPs undergo extensive rearrange-
ments (Staley and Guthrie 1998). The most dramatic
changes occur to the U4/U6 snRNP and the U4/U6U5 tri-
snRNP. The U5 and U6 snRNAs play a central role in
splicing catalysis, while the U4 snRNA dissociates from
the spliceosome before or coincident with spliceosome
activation (Chan et al. 2003; Jurica et al. 2002; Makarov et
al. 2002; Makarova et al. 2004). This suggests that the U4
snRNA serves as a chaperone for U6. Thus, splicing
destroys the U4/U6 snRNP and U4 and U6 snRNAs have
to be reannealed and the snRNP has to be reassembled
before they can participate in the next round of splicing.
SART3 and LSm proteins promote annealing of U4 and U6
in vitro (Achsel et al. 1999; Bell et al. 2002) but their
function in U4/U6 snRNP regeneration in vivo has yet to
be addressed. The fact that SART3 and snRNPs are
depleted from CBs upon inhibition of transcription and
splicing suggests that disassembled postsplicing snRNPs
indeed traffic to CBs for reassembly (Carmo-Fonseca et al.
1992; Stanek et al. 2003). However, contrary to the
regeneration model, CBs disintegrate after inhibition of
new snRNP import by leptomycin B or by depletion of
SMN (Carvalho et al. 1999; Shpargel and Matera 2005); it
is not clear whether these effects are direct or indirect.
Therefore, further experiments are needed to provide direct
evidence for snRNP recycling through CBs.

Similar to the U4/U6 snRNP, the tri-snRNP rearranges
during splicing and regeneration of the active tri-snRNP is
necessary. The postspliceosomal 35S U5 snRNP must be
recycled and the 20S U5 snRNP regenerated, but so far no
data are available on this step. Accumulation of the U4/U6
snRNP in CBs after inhibition of tri-snRNP formation by
knockdown of hPrp6 or hPrp31 led Lithrmann and col-
leagues to propose that tri-snRNP regeneration after
splicing occurs in CBs (Schaffert et al. 2004). Because
proteins found in the postspliceosomal 35S US5-snRNP
particle are not detected in CBs, 35S U5 snRNP dis-
assembly does not likely take place in CBs (M. Nousch, D.
S., and K. N., unpublished data). This also indicates that if
CBs are the sites of tri-snRNP regeneration after splicing,
U4, U6, and U5 snRNPs individually enter the CB from
surrounding nucleoplasm.

It is presently unclear whether Ul and U2 snRNPs
require reassembly before splicing anew. Ul snRNP
remodeling has not been reported. However, some proteins
detected in the 17S U2 snRNP particle are not found in the
activated spliceosome (Makarov et al. 2002), indicating
that some regeneration of the U2 snRNP after splicing may
be necessary.

Minor snRNPs

The minor spliceosomal snRNPs, which recognize introns
bounded by AT at the 5' splice site (instead of the canonical
GU) and AC at the 3’ splice site (instead of AG), represent
only 1% of the total spliceosomal snRNPs, reflecting the
relatively small number (~500 in human) of “ATAC”
introns (Will and Luhrmann 2005). Little is known about
how these minor particles assemble. The U11/U12 snRNP
is a composite snRNP that substitutes for the Ul and U2
snRNPs; it shares many proteins with U2 snRNP and lacks
classical Ul-specific proteins. Instead, it contains a set of
new proteins specifically associated with the U11 snRNA
(Will et al. 2004). There are no data available about
localization of these proteins.

The atacU4/atacU6 snRNP and the atacU4/atacU6°U5
snRNP have identical protein composition to their major
counterparts and it is likely that their assembly follows the
same pathway as the major snRNPs (Schneider et al. 2002).
Indeed, SART3 was shown to be necessary for regenera-
tion of the atacU4/atacU6 snRNP in vitro, but in contrast to
the U4/U6 snRNP, SART3 is not a component of the
atacU4/atacU6 snRNP (Damianov et al. 2004). Moreover,
hPrp31 is also important for assembly of the atacU4/
atacU6°U5 snRNP (Schneider et al. 2002). Based on the
information obtained on the major spliceosomal snRNPs, it
is conceivable that minor snRNPs are assembled in CBs.

Targeting of spliceosomal snRNPs to CBs

So far, no “permanent” component of CBs was identified.
Every CB protein tested exchanges with nucleoplasm,
although the rates differ greatly. Coilin and SMN reside in
CBs longer than any other proteins tested (Deryusheva and
Gall 2004; Dundr et al. 2004; Handwerger et al. 2003;
Sleeman et al. 2003). It was suggested that CBs form and
are held together through relatively transient protein—
protein interactions (Lewis and Tollervey 2000; Misteli
2001). RNP movements within the cell nucleus appear to
be undirected (Molenaar et al. 2004; Shav-Tal et al. 2004);
thus, we anticipate that snRNP movement through the
nucleus is driven mostly by diffusion. Once they hit CBs,
snRNPs must be retained there through interactions with
proteins enriched in CBs.

The SMN complex, which is necessary for snRNP
maturation in the cytoplasm, is also important for snRNP
import to the cell nucleus (Narayanan et al. 2002, 2004).
SMN interacts directly with coilin and this interaction may
provide a targeting signal for newly imported snRNPs
(Hebert et al. 2001, 2002). Furthermore, coilin binds Sm
proteins (Xu et al. 2005) and apparently retains snRNPs
in CBs because cells lacking functional coilin fail to
accumulate snRNPs in nuclear bodies, even though SMN
continues to be concentrated in gems in the absence of
coilin (Tucker et al. 2001). These observations are
consistent with a model (Fig. 3) in which SMN “hands



off” newly imported snRNPs to coilin in CBs (Tucker and
Matera 2005).

The U6 snRNP does not contain Sm proteins but is also
detected in CBs of mammalian cells (Carmo-Fonseca et al.
1992; Matera and Ward 1993; Schaffert et al. 2004; Stanek
et al. 2003). Instead, the U6 snRNP is targeted to CBs
through the HAT domain of SART3 (Stanek et al. 2003).
The only known binding partner of the SART3 HAT
domain is hPrp3 but its role in U6 or U4 snRNP targeting
was not tested (Medenbach et al. 2004). SART3 is likely
bound in CBs through protein—protein interactions because
its localization is insensitive to an RNase treatment
(Schaffert et al. 2004). Therefore, we consider it likely
that the SART3 HAT domain targets the U6 snRNP to CBs
through interactions with an unknown binding partner X
(see Fig. 3). U4 snRNA localization to CBs is independent
of U6 (Stanek and Neugebauer 2004; M. Klingauf, D. S.,
and K. N., unpublished data), suggesting that the Sm ring
alone may be sufficient.

Histone mRNA processing and the U7 snRNP

Although CBs move within nuclei, in situ hybridization has
revealed that CBs spend significant time in the vicinity of
particular gene loci. Besides snRNA and snoRNA genes,
CBs in mammalian tissue culture cells are also associated
with histone loci (Frey and Matera 1995; Gao et al. 1997,
Jacobs et al. 1999; Schul et al. 1999a; Smith et al. 1995). In
amphibian oocyte nuclei, CBs are found attached to histone
loci in lampbrush chromosome spreads (Callan et al. 1991).
The localization of CBs to histone loci is interesting
because CBs also contain the U7 snRNA and the U7snRNP
protein LSm10 (Frey and Matera 1995; Pillai et al. 2001;
Wu and Gall 1993). The U7 snRNP is a key component of
the histone mRNA 3'-end formation machinery and
contains a mixture of Sm proteins with two specific LSm
proteins (LSm10 and LSm11) in its ring (Pillai et al. 2003).
Thus, the U7 snRNP is likely targeted to CBs through
interactions with coilin’s Sm binding region (Wu et al.
1996; Xu et al. 2005). In addition, LSm10 and LSm1l1
interact with the SMN complex for assembly (Azzouz et al.
2005; Pillai et al. 2003), suggesting that the U7 snRNP
Sm/LSm ring is either assembled in the cytoplasm,
analogous to the spliceosomal snRNPs, or in nuclei,
perhaps even in CBs. The demonstration that overexpres-
sion of the U7 snRNA (but not histone mRNA) leads to
the production of new CBs in Xenopus oocyte nuclei is
consistent with the possibility that the U7 snRNP
assembles in CBs (Tuma and Roth 1999). The U7
snRNP and stem loop binding protein (SLBP) recognize
elements in the histone mRNA 3'-end and target it for
cleavage. The fact that SLBP is also detectable in CBs
(Abbott et al. 1999) and that histone 3’-end formation is
cotranscriptional (Adamson and Price 2003), suggests that
CBs may localize to histone loci via binding to nascent
histone transcripts.

Recently, a complex involved in 3’-end processing of
histone pre-mRNA was identified and individual compo-

nents were revealed. The complex includes all CPSF
subunits and two CstF proteins with CPSF-73 the likely
cleavage factor (Dominski et al. 2005; Kolev and Steitz
2005). Some of the proteins from this complex were
localized in cleavage bodies, which are found in close
proximity to CBs (Schul et al. 1996). Moreover, Cajal and
cleavage body appearance is cell cycle-dependent and
cleavage bodies are found specifically adjacent to the Cajal
bodies associated with histone genes (Carmo-Fonseca et al.
1993; Fernandez et al. 2002; Schul et al. 1999b). Taken
together, these observations support the proposal that CBs
and/or adjacent cleavage bodies are sites of histone 3'-end
processing.

Life without coilin

Since its discovery in 1990, coilin’s function remains
mysterious. Coilin, identified in vertebrates (Xenopus,
zebrafish, and mammals) but not in flies, worms, or fungi,
lacks any obvious homology with other proteins (Tucker et
al. 2000). Early hints came from mutational analysis, which
showed that the N terminus of coilin is necessary for CB
formation while the C terminus is necessary for accumula-
tion of spliceosomal snRNPs in CBs (Bohmann et al.
1995). More detailed studies revealed that the N terminus
contains a coilin self-association domain and the C
terminus contains domains interacting with SMN and
spliceosomal snRNPs (Hebert and Matera 2000; Hebert et
al. 2001; Xu et al. 2005). However, coilin self-interaction
itself cannot explain CB formation because coilin—coilin
interaction was detected both in CBs and in the nucleo-
plasm (Stanek and Neugebauer 2004). In parallel with the
coilin mutation strategy, coilin depletion approaches were
taken. Bauer and Gall 1997 showed that CB-like structures
form in Xenopus egg extracts depleted of coilin. However,
spliceosomal snRNPs were not localized in these struc-
tures, showing that coilin is necessary for snRNP targeting
to CBs. Mice lacking functional coilin exhibit reduced
viability (Tucker et al. 2001). Cells derived from these mice
lack classical CBs; instead, they form several so-called
residual CBs, which accumulate different fractions of
factors normally present in CBs but fail to concentrate
spliceosomal snRNPs (Jady et al. 2003; Stanek and
Neugebauer 2004; Tucker et al. 2001). It is interesting to
note that the SART3<U4/U6 snRNP intermediate normally
concentrated in CBs (see above) is robustly detected by
FRET in the nucleoplasm of cells lacking coilin, indicating
that these cells compensate for the lack of CBs by
performing snRNP assembly in the nucleoplasm (Stanek
and Neugebauer 2004). Although a Drosophila ortholog of
coilin was not identified by sequence similarity, fly nuclei
contain nuclear structures resembling mammalian CBs in
which spliceosomal snRNPs, scaRNAs, SMN, and fibril-
larin are concentrated (Liu et al. 2006; Richard et al. 2003).
It is interesting to note that the Drosophila U7 snRNP
accumulates in a separate nuclear body, which associates
with histone genes (Liu et al. 2006). If Drosophila truly
lacks a functional coilin homologue, these observations



together with the results of coilin depletion experiments in
frog and mouse, suggest that coilin brings together distinct
sets of factors, which tend to assemble into nuclear bodies
even in the absence of coilin. Coilin is highly expressed in
testis and CBs were observed as early as in the parental
pronuclei of 1-cell embryos (Ferreira and Carmo-Fonseca
1995; Tucker et al. 2001). The fact that coilin knockout
mice produce litters significantly smaller that wild type
(Tucker et al. 2001) suggests a role for coilin and CBs in
either fertility or early embryonic development.

Conclusions and perspective

Here, we have summarized recent evidence that splice-
osomal snRNP assembly occurs in CBs, focusing on the
U4/U6 snRNP and the U4/U6°U5 snRNP as examples
(Fig. 3). Similar principles apply to U2 snRNP assembly
and possibly to the assembly of additional RNPs such as
the U7 snRNP. CBs appear to be a meeting place for
precursors—either newly synthesized or disassembled
after splicing—that may assemble more efficiently due
to higher local concentrations of components. The CB may
provide a “catalytic surface” within nuclei upon which
biochemical events, such as U4/U6 snRNP assembly,
more favorably occur. Sequestering of snRNP assembly
intermediates in CBs may also prevent their interference
with spliceosome assembly in the nucleoplasm.

Beyond the CB, these insights also suggest a similar
logic for the concentration of different sets of factors in
other nuclear bodies. Indeed, distinct nonmembrane-bound
bodies, such as P granules, stress granules, and recently P
bodies, were discovered in the cytoplasm and raise similar
questions as to localization and function. Further applica-
tion of advanced light microscopy approaches, such as
FRET and fluorescence correlation spectroscopy, will help
reveal how nonmembrane-bound structures are formed and
maintained. Thus, the CB also provides a meeting place for
scientists seeking to understand the dynamics and func-
tions of both nuclear and cytoplasmic bodies.
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